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ABSTRMT 

This rqwrt describes the present  status ami recent  results of 

10.h am nK)no|iulse radar tracking experunents.     Included  is a description 

of the radar system ami results of short range (-20 km) and long range 

(>150 Ion) tracking experiments which show that uscfjl monopulse processing 

of IR radar returns can he acconplisheJ.    The short  range experiments 

involved a stationär)' test tower and  i moving cooperative aircraft.    The 

long range experiment demonstrated,  for the first time,   10.b urn coherent 

monopulse tracking of a satellite. 
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I. INTROmCTION 

This rqwrt describes the present status and recent results of 10.ft m 

monopulse radar tracking experiments at the l-'irepond  IR Radar l-acility. 

Indwded  is a description of tlv radar system and results of short ran^e 

(<20 kin)  tuvl lon£ nin^e (-ISO km)  tracking experiments which show that 

useful monopulse processing of IR radar returns can be accomplished.    The 

short range experiments  involve«.! testirn of the system and measurement of 

atmospheric turbulence effects on a stationary test  tower a< well as tracking 

a movinj; cooperative aircraft.     Ihe lonj; ranne experiment demonstrated,  for 

the first time, 10.ft urn coherent monopulse tracking of the GBOS-III ncodPtic 

satellite equipped with a retrorefleetor.    The RMS tracking precision was 1 urad, 

11.        SYST1M Dl-SCRimON 

A.  introduction 

fhe infrareJ radar subsystems relevant for tracking are shown in 

Figure 1. A single frequency master oscillator (MO) generates a stable 

frequency IR beam which is amplified and then modulated by slots in a 

mechanically rotated chopper disk. The beam is directed by mirrors and 

lenses to the 1.2 meter azimuth/elevation telescope system which points 

the beam toward the desired target. A servo controlled vernier mirror can 

be used to make small corrections in the radar line-of-sight pointing. 

Transnitted and reflected energy to and from the target travel through the 

atmosphere and are received through the same optical system. The modulating 

chopper disc also serves as a duplexer and refle:ts the returnei' beam onto 

the detector, where it is mixed with the local oscillator (LO) rignal aal 
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coherently iletcctod.   The sigivils arc coherently processed hy the rccoivinj; 

equipment to produce uiiimith and elevation pointing control  information. 

While the block diagraffl of the IR radar resembles that of a microwave 

radar, the shorter wavelength produces some uniijue characteristics, as 

stvnnari:ed by Table 1.     In particular, the transmit/receive beamwidth of 

10 urad is tux» to three orders of magnitude narrower than that attained by typical 

large microwave radar dishes.    This narro». beamwidth allows very accurate 

angle tracking, which is described  in this report. 

B.  gymgir 
1.    Telescope 

Figure 2 depicts a cut-away view of the telescope and main laboratory 

area.    The l.2ir  diameter elovation-over-azimuth telescope, which is used 

to both transmit and receive the 10.6 um radiation,  is housed in a dome 

about 10 m   from the ground.    This telescope produces a diffract ion-limited 

beam with a haK-power angular spread of about  10 ;.rad at  10.b jm.    A servo 

controlled vernier mirror (scanner) for fine pointiQg and corrections to 

the main mount  is located on the elevation axis. 

The optical path from the scanner to the main laboratory area is 

enclosed  in tubing in which a high-velocity MO m/sec)  filtered air flow 

is maintained in order to produce a clean, uniform, optical medium.    Also 

included  in this path is an aerodynamic mixing section near the main 

laboratory end of the path which reduces opt leal distortions due to 

temperature dil.erences in the air path between the main laboratory and 



TABU- 1 

FIRF.POND IR RADAR CHARACTHRISTICS 

Parameter 

Operating Wavelength 

Waveform 

Typical Transmitted 
Peak Power 

Pulse Repetition 
Frequency 

Duty Cycle 

Minimun Detectahle 
Power 

3 dß Reamwidth 

Typical Operating Range 

lyplOl Poppler Shift 

Target 

Short Range Mode 

10.6 m 

10 uscc 

10-100 uW 

4750/second 

.05 

MO'19 W/H: 

10 urad 

5-20 km 

0-2 Ml: 

3 cm retroreflector 

Long Range Mode 

10.6 m 

I, 2,  4 ms pulse 

400 W 

250, 125, 62.5/sec 

.25 

~10"19 W/H: 

10 urad 

1000 km 

0-1200 Ml: 

3,8 cm retroreflector 
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the tower, unclosed in the tubing are fold mirrors which direct the 

transmit and receive beams between the laboratory area and the telescope. 

2. Transmitter 

The laboratory area transmit and receive system is depicted in more 

detail in Figure 3. The transmit beam originates in the 10.6 urn laser MO 

in the lower left. In order to lock the local oscillator frequency to the 

master oscillator frequency, a small portion of the MO beam is split off for 

use in a "Af loop" which maintains a constant f^ - f. „ frequency difference. 

The rest of the MO bejm is focused onto the plane of the duplexer disk. 

The duplexer is a polished mirror containing slots and holes for chopping 

the MO beam and producing pulses. Table 1 lists the PRF's and duty cycles 

currently available. The MO beam goes through a slot (or hole) in the duplexer 

and is then collimated and folded into the CXU laser amplifier which is a 

series of gas discharge tubes capable of amplifying a few watts of MO power 

to a maximum of about 1 kW peak power. A HeNe alignment laser is combined 

with thp MO 10.6 um beam at the 1 kW amplifier input for aligning the 

amplifier mirrors in the tubes by visual inspection. The output of the 

1 kW amplifier is refocused and transmitted through another slot in the 

duplexer, folded and recollimated to a 6" beam by an off-axis paraboloid 

for transmission to the telescope tower. There it is expanded again 8 times 

by the telescope and pointed to the target. 

3. Receiver Optics 

Radiation scattered by a target in the path.of the transmit beam is 

collected by the telescope and follows a path back to the duplexer identical 

to that of the transmit beam. However, the rotating duplexer has moved to 
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I reflecting mode between the time of transmit and receive and the received 

beam now follows a path through the receiver optics as indicated by "Receive 

Only." The received beam, which is focused on the d'.plexer mirror surface, 

is recollimated by a small off-axis paraboloid. The 3.5 cm diameter beam 

is folded and then reflected by the transit time corrector (ITC). The TTC 

is a servo-controlled mirror which makes angle corrections to compensate for 

the finite transit time of the transmit and receive beams to and from a 

moving target (i.e., the transmit beam must point ahead of the received 

beam from a moving target bv an amount which depends on the transverse 

velocity of the target). 

Up to this point, the received beam contains both visible anl  10.6 urn 

radiation. The visible radiation is typically solar illumination reflected 

by the target and can be used to produce a TV image for visible acquisition 

and tracking. Since the visible and 10.5 um radiation are collinear except 

for the small difference in atmospheric refraction, the visible image is 

used to point the 10.6 um beam to the target. The visible radiation is 

split off by a Ge beam splitter and focused onto a low light level TV 

fLLLTV). A "K" rotator compensates for rotation of the visible image caused 

by the telescope moving with respect to the receiver optics. An alignment 

reticle is projected through the partially transmitting mirror and also 

focused on the LLLTV. The reticle represents boresite and the location where 

10.6 urn returns will be seen by the detector. 

The coherent detection process is depicted in Figure 4 and is 

described in more detail in references 1 and 2. A signal beam at frequency 

fs and a local oscillator beam at (lj0 are combined at the beam splitter 

and focused together onto I detector which is the mixer. The uetecfor 
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produces an II   signal at  ts     t"     whose power is proportional to the product 

ol  the signal and U) (wwcr.    In our case, the received signal fron a moving 

target  is at  l'& ■ f^ ♦ fp where L-j is the master oscillator frequency and 

tp the Joppler shift,     Therefore f1F - fg - L^ = f^ ♦ ^ -  f        The 

comionents at the left side of ligure 3, where a portion of the MO and U) 

are mixed in the "M" detector, serve to maintain f.-^ -  f.0 at a constant 

value of 10 Ml:.    Thus, fjj. is directly related to fp nnd the IP signal can 

thus l>e analyred for infomation ahout motion of the target. 

4.    Detector 

The detector is a special HgCdTe 2x2 quad array especially fahri- 

cited for use in IR tracking experiments hy the Solid State Division of 

Lincoln laboratory.    A detailed description of its characteristics is 

available in a report by D. L. Spears.3    Basically,   it  is a 280 urn diameter 

mav sensitive to 10.(> urn radiation and capable of producing heterodyne 

signals to 1200 Ml:, which is the present doppler limit.    (As a guide 1 m/sec 

radial velocity produces a 200 kll: doppler shift.    Satellite tangential 

velocities are   8 km/sec which is greater than the 6 km/sec system capability. 

Ihus, our system is capable of observing components of the satellite motion 

in the direction ^»f the telescope up to a magnitude of 6 km/sec.    This occurs 

typicr.Uy above elevation angles of 20°.)   The detector operates at 770K.     It 

has a minimum detectable signal power per unit bandwiJth of less than 1 x 10 

W/ll: and about 30 dB RI" isolation between elements o.  the quad array.    An 

optimum If) power of about 0.5 mW on each quadrant produces enough conversion 

gain so that the signal predominates over front end preamp noise of the 

receiver clectroniis. 

The signal and W beams are focused to give a difraction limited Airy 

10 



disk approxinatcly equal to the detector diameter. When the signa' is 

centered on the detector (boresight), equal signal is generated in each 

quadrant of the array.  If the signal is off boresight due to a tracking 

error, unequal signals are generated in the quad elements giving rise to 

monopulse error signals which can be used for tracking purposes as described 

below. 

S. Receiver lilectronics 

l-igure 5 shows a block diagram depicting the monopulse error signal 

processing. The IF signals from each ol the detector quadrants are processed 

by the monopulse receiver, the original version of which was designed and 

built by Airborne Instmnentation Laboratories, to produce sum, Ix and Ay 

signals.  Che additional error processor removes biases present in the receiver 

in addition to improving the ability to extract weak signals from noise. The 

coordinate converter compensates for the rotation of the image caused by the 

rotation of the telescope image with respect to the stationary receiver 

optics. The Ax and Ay error signals are thus converted to azimuth (AA:) 

and elevation (AI-1) errors in the sky. The error sipnaN are transmitted 

to the computer which then connands appropriate serco notion of the scanner 

or telescope to reduce the error t       inging the target back on tore- 

sight. 

The receiver is shown in more detail in Figure 6. After amplification 

by the low noise preaiips, the quad element IP signals are processed by a 

hybrid comparator yielding Ax, Ay, and I  signals. After further amplification, 

these signals are mixed with the output of the computer comm.-mded frequency 

tracker yielding 1S60 MI2 IF signals. The frequency tracker uses target 

trajectory information to gi'e an out] «t ISdOMIr different from the expected 

II 
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MATCHED. LO* NOISt 

10-TO 1500-MHi PRE AMPS 

[(A»B)-(C*0)]   [(A»C)-(B*D)]      [A*8*O0] 

WIDE   BAND 

IF  AMPLIFIERS 1 
MIXEP 

1560-MHi   IF 

60-MHi   IF 

MIXER 

MiXEP 

COMPUTER 
COMMAND 

MIXER 

MIXER 

BPF 

*-* 

1 
FREQUENCY 
TRACKER 

-L 
MIXER 

6PF 

NARROW BAND 
60 MM/   AMP. 

8PF 

1S00-MH; 
XTAL 

OSCILLATOR 

5 
f'MASE 

DETrCTOR 

AGC 

DETECTOR 

LIMITER 

I-in.    <'.    Monopiilsc receiver. 
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signal freiiuency which may IM? düpph-r shifted due to target motion. The 

ISM NUz Ax, Ay and E signals are then mixed with a 1500 Mlz crystal oscil- 

lator yielding bO Ml: signals. These are filtered and further amplified 

under automatic gain control (HOC).    The error signals are then phase 

detected using the sum channel as a reference. 

Because the nominal satellite range rate and therefore the doppler 

shift information is not accurate, the angle error determination is 

accomplished in a 1 Miz handwidth system. The doppler spread of a target 

is much narrower than 1 Ml:, typically less than .1 Mlz, consequently the 

signal-to-noise ratio of the error signals is much lower than could he 

ohtained by optimum bandwidths. 

The receiver output contains biases and does not produce useful error 

signals at low sig.ial/noise ratios (S/N «1). Thus, additional error 

processing was added which essentially "chops" the output, removes the 

effect of biases and permits operation with low signal levels. Two 

methods of processing have been developed, one for short range targets and 

one for long range targets. 

As Figure 7 shows, the chopping in the s:.ort range mode is accomplished 

by producing two successive range gates of 10 gsec duration, 20 usec apart. 

The first [ate,  during | received pulse period permits sampling of signal 

plus noise and biases. The second gate, permits sampling during another gate 

when only biases and noise arc present. The two samples are subtracted in 

a differential amplifier am' amplified yielding the net signal with residual 

noise. This method of additional error signal processing is termed "range 

gate switching". Note that no normalization is performed with the sum 

11 
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signal, since the signal strength in short pulse mode experiments lias been 

sufficient to have an effective AGC which performs the normaliiation. 

The econd method of "chopping" used in the long range mode where 

a satellite may be tracked is shown in Figure o. In this method, the 

computer caiwanus the frequency tracker to switch the frequency by an 

amount iAf from its nominal "signal" value f on every other pulse. Thus 

the receiver processes pulses at f, f ♦ Af, f, f - Af, f, etc. in sequence. 

Af,typically 2.5 Ml:, is chosen to be greater than the bandwidth of 

the receiver which is selectively ft.S Ml: o' tSO kHz around f. Thus, when 

the receiver is tuned for frequency f, the receiver processes pulses containing 

the signal at f yielding signal plus noise and biases. When the receiver 

is tuned for frequency f ♦ Af, signals at f are not processed .md the 

receiver yields only noise and biases. These two different samples taken 

during successive range gates are held and subtracted in a differential 

.mplifier, yielding the net signal and residual noise. An added feature 

of the long range processor is nomalination which is produced by dividing 

the error signal by the sun signal as shown in Figure 8. This method of 

normalisation was added because the AGC is not effective at 1 iw signal 

levels which is the case in the long range mode. 

It is obvious that this "frequency switching" method has the dis- 

advantage of only using half the number of useful received imlses. I very 

jiulse potentially has a received signal in it but we only allow half of 

than to "get through" the receiver.  In range gate switching, as in the 

short range mode, every pulse is used. Kit there an extra range gate of 

10 usec on'.y uses up another S" of the pulse repetition Interval of 200 i.sec. 

|(. 
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Tn the long raagc mixlf with its 25* duty cycle, it is not convenient due to 

other Imitations to squeeze in another gate either before or alter the 

received pulse anJ thus lrei|uency switching is used. 

6< Tracking Loops 

The ■onopÜM error signals arc sampled, quantized and transmitted 

to the computer where the tracking loops are implemented by digital filtering. 

The computer is a Systems iingineering Uboratories SBL So with I memory 

cycle t'me of t>0() nse   Filtering is performed with minimal computational 

time delay; bowexer, the servo loop response is affected by the data 

transmission delays to and from tbe computer. 

There are two tracking loops; the first loop is closed aroun<.'. the 

vernier mirror ami the second loop around tip telescope main mount. A 

"cascade" male exists in the softuare, which allows the vernier mirror to 

track the target in a small field-of-view and correct the telescope mcxint 

position whenever the vernier mirror is not in its nominal zero position. 

The combination of these two loops allows large ;ingle variations to be 

tracked out by control loops of moderate bandwidth. 

a. Vornier Tracking Loop 

The vernier mirror tracking Loop is a simple first order loop, first 

and second order exponential tracking loops are used in the svstem which 

are descri uxl mathematically by Brown.  In this loop, the error signals • 

are filtered by 

Mt) ■ Mt - At) ♦ K • (t) (1) 

where x is one of the estimated tracked angles (arimuth or elevation) at 

is 



time t and K is the servo gain constant which is adjusted in real time to 

produce a compronise of best transient response and smoothness of track. 

The sampling interval At is 20 milliseconds if monopulse error data is 

available. When no returns are observei  the old estimate of the angle x 

is retained. 

The computation defined by (1) produces a type I servo loop; that is, 

it estimates the constant value of x with no tracking error; but, has a 

steady state lag which is proportional to the velocity of the target. The 

steady state magnitude of the lag error is Fir^At times the velocity of 

the target. 

The response of the tracking loop is controlled primarily by the 

software fiUer.ng. The desired vernier mirror position is computed by 

Equation 1 and the commands are transmitted to the vernier mirror control 

servo. The mirror servo has finite response and the command electronics 

finite delays. When the servo gain K, in Equation 1, is made as large as 

possible, delays caused by hardware, software, and the servo response 

presently limit the vernier tracking loop bandwidth to about three Hz. 

When the vernier mirror tracking loop is used, the telescope azimuth/ 

elevation mount- is commanded to follow the target according to best available 

predicted target position, e.g., microwave radar tracking data, nominal 

«ruellite trajectory information, a fixed test tower position, etc. The 

differences in the predicted and the observed target positions are usually 

small ano would require modest servo response, except that atmospheric 

turbulence effects can be a substantial part of this difference and require 

19 



fast servo re.ponse. As we will see, severe atmospheric turublence can 

prevent monopulse tracking at all with the existing system, 

b. Telescope Mount Tracking Loops 

The three telescope mount tracking loops are aided track mode, 

aircraft track mode and cascade track mode. 

The aided tracking loop is similar to the vernier mirror Type I 

tracking loop. The mount is commanded to follow the predicted target position 

and the monopulse tracked differences are added to the predicted target 

position at a sampling rate of 50/second. 

In the aircraft track male no apriori positional information is 

available, and the tracker must handle very large velocities. A Type I 

tracking loop would have lag errors much larger than a beamwidth, causing 

the 1R monopulse system to lose track. For this reason in the aircraft 

tracking mode, a Type II telescope mount tracking loop is implemented which 

would follow a constant velocity target with no steady state errors. 

We assume that the input to the filter x(t) is a linear function of 

time (t) as described by a and b in 

x(t) = a + bt (2j 

and we wish to estimate a and b. 

The recursive relations lor the filter operators S and S are 
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8W(t) 

:[21 

(1 - k) Wht ■ At)' k ' 

pht ■ it). k2. 

(3) 

[x(t) - S[11(t -At)] 

S^^tJJ  Lk(l - k)  (1 - k) 

and the position a + tb and velocity b estimates at time t are 

x(t) 

U(t)J   Lb(tl 

a(t) * t b(t) 

k :: I "1 
i~^jLslt|(t)J 

where the servo gain k is adjusted for optimum performance. 

For initialization of the filter 

S^lt) 

is<2l(t) 

1    (t - ^r-^) 

1    (t-i^) 

(4) 

(5) 

fll     [21 
Sl '  and Sl''J are set in the system by several means; however, most 

connonly, b ischangedby handwheels until the target position and velocity 

match those of the filter. 

x(t) to be used in Hquation 3 is derived from the monopulse errors 

and the telescope line-of-sight. These aircraft trackinr computations are 

performed only 10 times a second. 

The cascade aircraft tracking loop is shown in Figure 9. Here the 

monopulse error signals are tracked with the vernier mirror tracking loop 

and t e main mount position tracking loop moves the telescope so that the 

Zl 
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Fig.    9.    Aircraft cascade tracking loop. 

22 



vernier mirror sees the target at its nominal boresight position. Acquisition 

in this configuration is somewhat non-trivial. The mount tracking loop is 

initialized by an operator by matching the filter velocity and position to 

that of the target. Then, when the IR returns are available, the monopulse 

signals start tracking the target with the vernier mirror and the main 

mount velocity and position prediction are carried out by the Type II 

tracking loop. Ciood tracking is maintained as long as the vernier offset 

comnand is within its field-of-view which is about ♦ 500 urad. Since the 

mount tracking loop can have rather large errors (up to 500 urad) while 

tracking the target, the mount tracking loop is purposely made slow to assure 

that the telescope motion is smooth and the two trackers do not "fight" each 

other. The 10/sec data rate is quite sufficient for this purpose. 

III.   BgTOggg AND RESULTS 

A. I-rror Curve Generation 

Many tests and measurements have been necessary to ptrftt the 

monopulse system for satellite and aircraft tracking. The hardware 

performance has been assessed by the smoothness and syimetry of the system 

generated error curves (i.e., plots of error signals versus angle-of-arrival). 

Error curves were generfred by scanning a test signal across the quad 

detector. Two methods were used - one "internal" and one "external." The 

internal test signal was generated by reflecting an attenuated transmit 

beam, before it reaches the telescope, back into the receiver optics. The 

attenuation is accomplished usinv; CnVy ' indows of various thicknesses.  I he 

reflected transmit beam can be scanned across the detector by computer 
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OOMMds to the tr;uisit time corrector shown in Figure 3. This internal 

method has the advantage that the svstcm can he partially checked without 

going through the atmosphere as in external tests. Thus variations in 

signal due to atmospheric turhulencc and density variations are avoided. 

Internal tests do not give "real-world" results hut are useful for 

alignment and prvlininary checkout. 

The external mot hod of generating error curves was to slowly scan 

tlie transmit l>eam actou a retrorcflector positioned at the test tower S.5 km 

away hy moaps of the elescope vernier mirror. This signal could also he 

attenuated with CaF-, to give weaker remms. Figure 10 shows error 

curvos generated hy the internal (i «house) and external (test tower) methods. 

Both curves were generated using tie short range error processor. At the 

time, the gains of the acimuth and elevation channels had not hecn matched. 

The noisier test tower result? are due to the aforementioned atmospheric effects. 

In fact, the test tower r.suits were ohtained under good "seeing" conditions 

when the atmosphere was relatively cooperative ami uniform. Under had 

"seeing" conditions, when the atmosphere is turhulent, error curves can hardly 

he distinguislied. 

Iren if the atmosphere had no effect, one should not expect the two 

methods to yield identical error curves.  In the internal method, a constant 

intensity ho.im scans the detector.  In the external method, the return 

heam intensity fnm the corner cube varies since the focused incident heam 

with an Airy disk diameter of 1" em scans a triangular retrorefkvtor S cm on 

a si le. 
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!•    Test  lovvvr I
:
.X|KM Mnents 

The first  IR monopulso tracking experiments involved trucking the 

test tower retroreflector and recording angle-of-arrival statistics under 

different "seeing" conditions.    During these experiments, the main telescope 

mount was held stationary, pointing at the test tower, while the trucking 

was accomplished hy moving the vernier mirror.    Ahout 10u watts of peak 

power was transmitted in the short  range mode. 

In l-igurc 11 , the azimuth error, elevation error and the MX voltage 

during good seeing conditions are show as a function of time.    In the 

tracking mode, during the first 1.7 minutes, the vernier mirror was allowed 

to track out the angle-of-arrival fluctuations.    The resulting error curves 

appear smooth; the AGC voltage is consistently high.    In the fixed pointing 

node, when the vernier mirror was held stationär/, the resulting error 

curves are noiser with angular fluctuations a large fraction of the 10 urad 

heamwidth.    The signal amplitude also fades for long periods of time. 

Since the beam pointing system is quite stable and the tes.v tower 

is expected to move very little;  the different character of the signal.» 

of ligure 11   during trackine and iiointing is believed to be caused almost 

exclusively by the atmospheric turbulence.     Indeed, as the "seeing" gets 

worse, similar curves indicate an increase in the fluctuations. 

To get an estimate of the statistical characteristics of the angle 

of-arrival fluctuations, the test tower retrorefleetor was tracked as in 

the first half of ligure 11.     lite angle-of-arrival at any instant was 

estimated to be the vernier mirror position plus the monopilse error voltage. 

PiflUTM I- -UHJ 13 show the amplitude probability density functions and jKiwer 
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spectral density functions obtained by estimating the atmospheric turbulence 

in this manner. The data were collected during good and moderate seeing 

as shown; however, the comer cube could not be tracked when poor seeing 

conditions were encountered since atmospheric turbulence caused lv?um 

deviations larger than a beamwidth. 

These curves indicate typical measured results. At the time, the 

wind velocity and other atmospheric conditions along the 5.5 km path were 

not measured which would allow precise comparison to theoretically predicted 

statistics. The power spectral density shows a monotonically decreasing 

function with frequency. The frequency dependence is in general agreement 

with the predicted behavior of f ' below the characteristic frequency and 

f ' above the characteristic frequency. The characteristic* frequency 

is dependent on the aperture diameter and the cross wind as described by 

D. Greenwood. 

Figure 14 shows additional results of the tracking analysis. The vernier 

mirror position plus monopulse error indicates the total angle-of-arrival 

while the monopulse error by i'self indicates the portion which the vernier 

mirror could not track out. Figure .4 shows that, when tracking, the standard 

deviation is reduced to I urad (from 2 urad) and the energy in the power 

spectmn below 2 Hz is greatly reduced.  Similar improvements are obtained 

for azimuth during moderate seeing conditions; one example is shown by 

Figure 15. These curves show that the vernier mirror tracking loop is 

capable of tracking low frequency turbulence components up to 2 Hz. 

Those results confirm that for good to moderate seeing conditions, 

the existing monopulse tracker and the 2 Hz bandwidth vernier mirror c;m 
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track out a measurable fraction of the  angle-of-arrival fluctuations due to 

atmospheric turbulence. During poor seeing conditions, the amplitude of the 

high frequency components of the angle-of-arrival is greater than our 10 wrad 

beamwidth, which causes the tracker to lose the target. Since the path to 

the test tower is high above the valley floor (about 100 meters), the test 

tower angle-of-arrival fluctuations represent angle noise which might be 

typically encountered during an a;rcraft tn'ck. 

C. Aircraft Tracking 

The same vernier mirror tracking loop and the telescope tracker in 

the cascade mode, as shown in Figure 16, were used for tracking a retro- 

reflector on a cooperative aircraft. A visible TV image of the aircraft 

was used for acquiring the retroreflector, but once IR returns were received 

only IR monopulse signals were used for tracking. Again the short range 

processor uas used. 

Aircraft tracking experiments have been carried out on five 

or six occasions. Several system parameters have been varied to find most 

optünimum conditions for tracking. Typically, the aircraft was flown at 

10-15 km range at a transmitter power in the 10-50 uwatt region. Tracking 

during good seeing and windless days, seems quite easy. During moderate 

seeing or gusty winds, the combination of almospheric seeing and erratic 

aircraft motion makes tracking for more than A few seconds at a time 

impossible. With poor aOnospheric conditions, it has been impossible to 

trac» at all. 

The analysis of boresight visible TV recordings indicates that the 

tracks are reasonably smooth. When tracking is possible, visible image 
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jitter is in the order of 5-10 urad. üecauso of the atmospheric angle-of- 

arrival fluctuations, jitter within a heamwdith has been expected to be large. 

The goal of the current experiments has been to investigate techniques of 

keeping the 10 urad beam on the target for long periods of time rather than 

precise tracking within the beam. 

D. Satellite Tracking 

As indicated in Table 1, long range tracking of objects, such as 

satellites, involves different operating parameters. Since the range is 

longer, long pulses can be used and higher power is transmitted. In addition, 

the doppler frequency imst be tracked or no IR returns are processed. The 

particular target on which long range monopulse tracking has been accomplished 

for the first time was a 3.8 an diameter retroreflector installed for Lincoln 

Laboratory on the GEOS-III geodetic satellite. Figure 17 depicts the system 

mode used. The long range error processor after the monopulse receiver was 

used. The satellite was acquired with the aid of Millstone Hill Radar (MiR) 

adjacent to the Firepond facility and with the aid of visible tracking by 

the on-mount optics. While IR signals will be used in the Kaiman filter in 

the future, presently crude pointing with better than I mrad accuracy is 

done with MIR information fed into a Kaiman filter. Final IR tracking is 

accomplished via the vernier mirror servo system. The Kaiman tracking with 

MIR provided the proper doppler freqeuncy designation so that IR returns 

could be detected by rhe receiver and the signal filter bank which displays 

the frequency power spectrum of the returns. As described earlier, a 

visible image obtained from solar illumination of the satellite is displayed 
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on the low light level TV (see l-igurc 3). IR tracking was attempted when 

IR "hits" were indicated in the filter hank display. Tracking parameters 

such as servo loop gains were adjusted until tracking occurred. 25 seconds 

of continuous "hands-off" tracking occurred while the satellite was at a 

range of 1100 to 1200 km, a doppler frequency range of 840 to 1000 MJz and 

a doppler rate of 6 NWz/sec. IXiring the track, strong continuous returns 

with low residual monopulsc errors were observed. The system I'Rl was 

62.5 Hz, pulse length 4 msec, and the transmitted peak power was 400 W. 

Figure 18 shows elevation angle tracking statistics, during 20 

seconds of completely automatic track. The vernier mirror statistics now 

describe the difference between the Kaiman filter generated pointing data 

and the monopulse determined line-of-sight. The histogram of the vernier 

mirror angle added to the monopulsc error, indicates that the coarse 

pointing errors changed by almost 100 urad during the twenty second period 

which the vernier had to track. The monopulse angle error histogram shows 

that during this time the RMS tracking error was only 1 urad. 

The comparison of power spectral density functions shows that the 

tracker bandwidth is about 1 Hz. This is slightly narrower tkli the 

bandwidth obtained during Test Tower or Aircraft tracking in the short 

range mode. Since the servo gains were adjusted in real time, just before 

this section of track, they may have been slightly lower than optimum for 

the track. However, the additional delays due to the 1000 km range and 

the lower sampling rate of 31.25/sec which is caused by the 62.5 Hz PRF 

and monopulse error signal data processor may not have allowed a higher 

ioop gain. 
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IV.   SmiARY 

10.6 inn coherent monopulse tracking of retroreflectors has hecn 

accomplished on cooperative aircraft and the GFOS-III satellite, and the 

angle-of-arrival statistics on the Test Tower retrorefleeter during 

reasonahle seeing conditions have been determined. Although the initial 

results are highly successful, the reader should be cautioned that the 

experiments are really technique demonstrations using existing non-optimired 

hardware.  Improvanent in tracking loop characteristics will be needed, 

for example, to shorten the response time so that tracking can be accomplished 

during poor seeing condition:.. 
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